At high temperatures the breaking of chemical bonds becomes relatively easy and the slow step in a chemical reaction shifts to the rate at which energy can seep into the bond that is to break. This has been observed'by various investigators. A new general theory of reactions is developed here to explain this limiting rate at high temperatures. In the case of cyclopropane and cyclobutane the theory leads to the conclusion that 20 degrees of freedom form a heat reservoir which feeds the energy into the carbon bond that is to break and that this rate becomes controlling above about 1200'K. This would correspond to 20 of the 21 vibrational bonds of cyclopropane feeding energy into the carbon bond that is to break, and there would be no noticeable rise in the number ofbonds for cyclobutane. This theory is especially important for shock tubes and detonations, where this falling-off from the extrapolated low temperature rate becomes glaringly obvious.
Chemical reactions ordinarily involve an activation energy associated with bond breaking. At very high temperatures such as frequently occur in shock tubes and detonations, the breaking of bonds becomes fast compared with the flow of energy into the bond or bonds to be broken. The result is that this flow of energy from a reservoir of energy consisting of contributing degrees of freedom is slow compared with the subsequent breaking of the bond. Becuase of this there is a new rate-determining step. This slow specific rate constant is developed here for the first time. It explains quantitatively, previously unexplained, drop-offs reported in the literature. The additional parameter, s, determining both the temperature at which the drop-off begins to be important and the subsequent temperature-dependence of the reaction is the number of vibrational degrees of freedom in the reservoir feeding the reaction coordinate.
QUASI-MICROCANONICAL REACTION KINETICS
As one raises the temperature at which reactions take place it is important to know at what point the extrapolation of low temperature behavior fails and another mechanism takes over. If the reaction is unimolecular in the sense that it involves the breaking of a bond which, as the temperature rises, must begin drawing most of its activation energy from a reservoir of vibrational degrees of freedom, and if in turn this reservoir is kept in equilibrium at the temperature T by contact with its surroundings, there will be two rather 1717 well-defined rate-determining reactions in series. If the reacting molecule is in the gas phase at low pressures, there is an earlier third step in the reaction chain, i.e., activation by collision, which must be taken into account. However, the Rice, Ramsperger, Kassel, Marker (RRKM) procedure for collisional activation is so well known that it will suffice to consider explicitly cases where the collisional step is not rate-determining, i.e., at sufficiently high pressures. For three such reactions in series we have for the velocity, v, the expression: [2] [31
Here k2 or k3, whichever is the smaller, becomes ratedetermining as the other rate becomes enough greater. We take k2 as the rate constant for the breaking of a bond when that is the slow step, and it has the form:
Here AH* should be the strength of the bond to be broken and K2e'S*IR should not be greatly different from unity. The rate constant k2 is the rate at which the reservoir transmits the energy E > D into the vulnerable bond. Now the probability, pi, that a reservoir of s oscillators has an energy E > D is, using classical mechanics: and the probability, P2 , that an energy D shall be passing from the reservoir along the reaction coordinate into the bond that is to be broken is: where s is the effective number of oscillators in the reservoir that is in equilibrium with the reaction coordinate. Thus: 1, one will also find a detailed discussion of the experimental methods and of previous work in the field. The fall-off at high temperatures of the rate of decomposition of cyclobutane was also observed earlier by Barnard and Seebohm (2) and by Bradley and Frend (3) . The ratedetermining reactions are probably the same for both cyclobutane and cyclopropane. In both cases this is the breaking of a carbon bond at the lower temperatures and, according to the present theory, the passage of the energy into the bond to be broken in the higher temperature range. If the activated complex is unsym-
metrical the rate should be proportional to the number of equivalent bonds that can break. For a symmetrical activated complex, on the other hand, the symmetry number cancels out with the number of bonds that can break. We haven't separated this factor out of the entropy of activation. The derivation of k3 makes use of the well-known equal a priori probability in phase space and the randomness in phase for a microcanonical ensemble which is fully justified in equilibrium theory and is applied here to the somewhat leaky reservoir of reaction kinetics. It will be interesting to define more Very-High-Temperature Rates of Chemical Reactions 1719
closely the limitations to this obviously attractive procedure.
